Bacillus megaterium, as shown by the work of Rothman and Kennedy (1, 2), offers many advantages for the study of the topology of membrane biogenesis. This Gram-positive organism with its single plasma membrane has a cell envelope less complex than that of Escherichia coli and other Gram-negative bacteria. Its rapid rate of growth makes it attractive for studying problems of biosynthesis.
somewhat enhanced, in energy-poisoned cells under conditions in which rapid mixing of inner and outer layers was taking place. Therefore, the compositional asymmetry is not maintained by kinetic barriers to transbilayer exchange or by expenditure of metabolic energy. It must be an equilibrium condition, and presumably reflects the differential binding of phospholipids by proteins and other ligands on the two sides of the membrane.
Bacillus megaterium, as shown by the work of Rothman and Kennedy (1, 2) , offers many advantages for the study of the topology of membrane biogenesis. This Gram-positive organism with its single plasma membrane has a cell envelope less complex than that of Escherichia coli and other Gram-negative bacteria. Its rapid rate of growth makes it attractive for studying problems of biosynthesis.
The major phospholipids of the membrane of B. megaterium KM are phosphatidylethanolamine and phosphatidylglycerol (1) . Phosphatidylethanolamine is asymmetrically distributed in the membrane with one-third in the outer leaflet and twothirds in the inner leaflet, as revealed by experiments with the impermeant reagent 2,4,6-trinitrobenzenesulfonic acid (TNBS) (1) . Such asymmetric distribution of phospholipids appears to be a general feature of the structure of biological membranes (3). Rothman and Kennedy (2) also found that newly synthesized phosphatidylethanolamine, labeled during a pulse with radioactive precursors, appeared first in the inner half of the membrane. The newly synthesized phospholipid was then rapidly equilibrated with the phosphatidylethanolamine of the outer layer.
In discussing the experiments reported here, we distinguish between compositional asymmetry, which refers to the amounts of phosphatidylethanolamine in the internal and external layers of the membrane, and biosynthetic asymmetry, by which we mean the isotopic asymmetry generated by preferential incorporation of newly synthesized phosphatidylethanolamine into the inner half of the bilayer during pulse labeling.
In the present study, from a more detailed examination of the kinetics of the isotopic equilibration of internal and external layers of the membrane, we have calculated a rate constant ki, defined as the fraction of the internal pool of phosphatidylethanolamine that is exchanged with the external pool per unit time. The value of ki was found to be about 0.1 per min.
In contrast to this rapid process, transbilayer movement ("flip-flop") of phospholipids in lipid model membranes is slow. Roseman et al. (4) reported that the flip-flop of phosphatidylethanolamine in lipid vesicles is too slow to be readily measured, with a half-time of at least 80 days at 220C. The rapid rate of equilibration of phospholipids between the inner and outer surfaces in B. megaterium membranes, as well as in certain other biological membranes (3, (5) (6) (7) (8) , must be the result of structural features or specific processes present in the biological membranes but absent from the lipid model structures. The possibility arises that the continuous synthesis of new membrane lipids and proteins provides the driving force for the movement of lipid molecules from the inner to the outer surface. The rapid growth of B. megaterium makes it attractive for testing this hypothesis. We have found that the rapid movement of newly synthesized phosphatidylethanolamine from the inner to the outer membrane compartments is completely independent of the synthesis of new phospholipid or of new protein. More generally, it is in fact independent of sources of metabolic energy.
The compositional asymmetry of a phospholipid in the membrane-i. e., the unequal distribution between the inner and outer halves of the bilayer-can be viewed as a kind of concentration gradient of the phospholipid across the membrane. Because, as we show in the present paper, the rapid movement of phosphatidylethanolamine from the inner to the outer surface continues in cells whose energy-supplying metabolism has been poisoned, we are able to determine whether the asymmetric distribution of phosphatidylethanolamine represents an equilibrium situation or, alternatively, if maintenance of the asymmetry requires the continuous expenditure of metabolic energy. If the latter were the case, it would be expected that the amounts of phosphatidylethanolamine in the inner and outer halves of the membrane would rapidly equalize in energy-poisoned cells. This did not occur. Cells in which the generation of metabolic energy was completely blocked by suitable inhibitors had, in fact, a somewhat increased asymmetry in the distribution of phosphatidylethanolamine. We conclude that the compositional asymmetry is not maintained by a kinetic barrier to transbilayer exchange or by expenditure of metabolic energy, but rather represents an equilibrium condition. Localization of Phosphatidylethanolamine by Reaction with TNBS. Phosphatidylethanolamine on the external surface of the membrane reacts with TNBS at 150C under the conditions described by Rothman and Kennedy (1) much more rapidly (t1/2 = ca. 2 min) than does internal phosphatidylethanolamine (t1/2 = 40 min). At various times during the treatment of cells with TNBS, trinitrophenylphosphatidylethanolamine was separated from phosphatidylethanolamine by extraction and thin-layer chromatography as described (1) . Amounts of phosphatidylethanolamine in the external and internal layers were determined from analysis of the kinetics of formation of the trinitrophenyl derivative (1) .
MATERIALS AND METHODS

Cells
Specific Activity of External and Internal Phosphatidylethanolamine in Pulse-Chase Experiments. Cells uniformly labeled with 3P were pulsed with 32p, as described above. Then, during exposure of cells to various treatments, samples (0.5 ml) were removed and the cells were harvested by rapid centrifugation and treated brieflp (2.5 min) with TNBS (see above) at 15'C in a reaction volume of 0.5 ml. The reactions with TNBS were begun within 90 sec of removing samples from cultures. The percentage of internal and of external phosphatidylethanolamine that reacted with the TNBS can be calculated from the half-times given above. The trinitrophenylphosphatidylethanolamine subsequently isolated by extraction and chromatography represents the external phosphatidylethanolamine, together with a small amount (about 3%) of the internal pool. The ratio 32p/233p for this fraction was taken to be the specific activity of the newly synthesized phosphatidylethanolamine in the external half of the membrane (SAex). The unmodified phosphatidylethanolamine after the brief treatment with TNBS contains about 97% of the internal phosphatidylethanolamine together with about 42% of the external pool that has not yet reacted with the reagent. However, because the external pool in the experiments of principal interest is one-fourth the size of the internal pool, only about 10% of the 3P in the unmodified phosphatidylethanolamine, and a smaller fraction of the 32p, represents external phosphatidylethanolamine. The ratio 32p/Wp for the unmodified phosphatidylethanolamine was therefore taken as the specific activity of newly synthesized phosphatidylethanolamine in the internal pool (SA1n), without correction. The values of biosynthetic asymmetry and the rates of transmembrane movement reported here are thus slightly lower than the true values, but this does not alter the significance of the conclusions drawn in this paper.
Chromatographic Procedures. Phospholipids were extracted and separated on thin layers of silica gel essentially as described (1) . Chromatography was always performed with both chloroform/methanol/water (65:25:4, vol/vol) and diisobutyl ketone/acetic acid/water (80:50:10, vol/vol) used sequentially in the same dimension (1). After spots were located by autoradiography, the silica gel was scraped into vials and radioactivity was measured in a scintillation counter.
Other Procedures. ATP was measured in perchloric acid extracts of cells by the luciferase method (11) . pulsed with 32p; for 2 min. At this point, the culture was divided into two parts, one of which was treated with a combination of inhibitors that completely blocked the generation of metabolic energy (legend to Fig. 1 ). At various times, samples were withdrawn and treated briefly with TNBS at 150C. The ratio 32p/33p in the trinitrophenylphosphatidylethanolamine represents SAex. From this value, the SAin can also be calculated because the total radioactivity is known, as well as the amounts of phosphatidylethanolamine in the internal and external pools. In confirmation of the previous findings of Rothman and Kennedy (2), the specific activity of newly made phosphatidylethanolamine in the internal pool was much higher than in the external pool after the 2-min labeling period. Because the x-1.0- labeled with 33Pi (14 ,gCi/ml), were pulse labeled by addition of 32Pi (50 ,tCi/ml) when the OD650 had reached 0.18. The 33Pi remained in the medium. After 2 min of pulse, the culture was divided, and the energy poisons NaF (8.6 mM), KCN (8.6 mM), and FCCP (4.3 ,gM)
were added to one portion. At the indicated points, samples (0.5 ml) were removed and treated briefly (2.5 min) with TNBS, and the ratio 32p/33p in phospholipids was determined. This ratio for the unmodified phosphatidylethanolamine is taken as SAin, whereas the same ratio in the trinitrophenylphosphatidylethanolamine fraction represents the SAex. (Inset) Another plot of the data for the energypoisoned cells according to the rate analysis discussed in the text.
Proc. Natl. Acad. Sci. USA 76 (1979) Proc. Natl. Acad. Sci. USA 76 (1979) 6247 ratio of the specific activities was about 5 (Fig. 1) , and because for the control cells there is about twice as much phosphatidylethanolamine in the internal as in the external pool, it follows that at this time point 10/1 ths of the total 32p was still in the internal pool.
The decline in SAin/SAex as the pulse labeling was continued beyond 2 min (Fig. 1) indicates the rapid movement of newly synthesized phosphatidylethanolamine from the inner half to the outer half of the bilayer. It is clear that this transbilayer movement is completely independent of metabolic energy. Indeed, the equilibration of the two pools is more rapid in the energy-poisoned cells than in the untreated controls. This results from the fact that the synthesis of 32P-labeled lipid and its preferential insertion into the inner half of the bilayer is continuing in the untreated controls. On the other hand, in the energy-poisoned cells the synthesis of lipids (and of proteins) is completely blocked, as described below. It should also be pointed out that the rapid transbilayer movement of phosphatidylethanolamine represents an equilibration process, because the ratio SAin/SAex approaches a value of 1.0 asymptotically.
The measurements summarized in Fig. 2 show that the combined energy poisons were indeed effective in blocking generation of ATP and in preventing ATP-dependent biosynthetic processes. Levels of ATP in the energy-poisoned cells fell Ci/mmol). After 2 min (arrow), the culture was divided into three portions, which received no treatment, energy poisons (see Fig. 1 (Fig. 1) , or chloramphenicol (0.17 mg/ml). At the indicated times, samples (0.5 ml) were removed and centrifuged, and the cells were analyzed for ATP. The ordinate value of 100% corresponds to 670 pmol of ATP per sample.
to about 20% of the initial within 1 min (Fig. 2C ). After 10 min the level of ATP was only about 5% of the initial.
The inhibition of phospholipid synthesis by the energy poisons allows an estimation of the rate of transverse [32P]phosphatidylethanolamine movement, without the complication introduced by continued generation of asymmetry. On the assumptions that the equilibration process consists of a onefor-one exchange of internal phosphatidylethanolamine molecules with external, and that the size of the internal phosphatidylethanolamine pool is 4 times that of the external pool in energy-poisoned cells (Fig. 3) , it can be shown by a treatment essentially similar to that of de Kruijff and van Zoelen (13) that the logarithm of the difference in specific activity of internal and external pools is a linear function of time, according to Eq. 1:
ln(SAin -SAeX) -5kit + C, [1] in which ki is a rate constant defined as the fraction of the internal phosphatidylethanolamine pool exchanged with the external pool per unit time and t is the time of chase in an experiment like that of Fig. 1 . From the slope of plots such as the Inset of Fig. 1 , in seven separate-experiments it was calculated that ki = 0.094 ± 0.045 (mean + SEM) per min. Because the amount of external phosphatidylethanolamine is one-fourth that of the internal in energy-poisoned cells, the rate constant k. for exchange of external phosphatidylethanolamine with internal would be about 0.4 of the external pool per min. Rapid Translocation of Phosphatidylethanolamine Is Independent of Synthesis of Lipid or of Protein. As discussed above, it is an attractive hypothesis that the synthesis of new protein and lipid building blocks of the membrane might provide the driving force for the transit of newly synthesized lipid from the inner to the outer half of the membrane bilayer. However, the experiment of Fig. 1 indicates that neither lipid synthesis nor protein synthesis is involved in the observed rapid transmembrane movement because, if the block of energy metabolism is complete, the synthesis of lipid and of protein should be prevented. More direct evidence to support this conclusion is shown in Fig. 2 . Phospholipid synthesis, as measured by the incorporation of 32p into lipids, was immediately halted upon addition of the combined inhibitors (A). Protein synthesis was likewise inhibited (B). Fig. 2 B and C further shows the effects of chloramphenicol added to cells untreated with energy poison. Here also the block of protein synthesis was immediate and complete, whereas ATP levels were unaffected. Chloramphenicol had minimal effect on the rate of phospholipid synthesis. In chloramphenicol-treated cells, the rapid transmembrane movement of phosphatidylethanolamine was unaltered (data not shown). This finding offers further evidence that the transmembrane movement of phosphatidylethanolamine is independent of protein synthesis.
Lipid Compositional Asymmetry in B. megaterium Is Not Dependent upon Metabolic Energy. The finding that the rapid equilibration of internal and external pools of phosphatidylethanolamine takes place in cells completely deprived of sources of metabolic energy opened the way to an examination of the possible dependence of the compositional asymmetry of the membrane upon metabolic energy for its maintenance. If such a dependence on energy exists, then the rapid equilibration process observed in Fig. 1 should lead to an equal distribution of phosphatidylethanolamine between the inner and outer halves of the bilayer in energy-depleted cells. This hypothesis was tested in the experiment of Fig. 3 shown by Fig. 1 . The cells were then harvested and the distribution of phosphatidylethanolamine between the external and internal pools was determined from the kinetics of the reaction with TNBS. The results are shown in Fig. 3 . In control cells not treated with energy poisons, the internal (slow-reacting) pool of phosphatidylethanolamine represented 67% of the total, a result in good agreement with the previous finding of Rothman and Kennedy (1). In the cells treated with energy poisons, the asymmetry of distribution of phosphatidylethanolamine was enhanced rather than abolished. In these cells 81.5% of the phosphatidylethanolamine was found to be internal and only 18 .5% external. The difference in the distribution of phosphatidylethanolamine in the membranes of normal and energy-poisoned cells has been observed in several experiments and is thought to be significant. We conclude that the compositional asymmetry of the distribution of phosphatidylethanolamine in membranes of B. megaterium is independent of sources of metabolic energy, and indeed is somewhat enhanced in energy-uncoupled cells.
The experiment of Fig. 3 (14) is now widely accepted as a useful working formulation of the structure of biological membranes. It postulates that the phospholipid bilayer is an essential element of membrane structure. Lateral diffusion of phospholipids can occur rapidly in the bilayer both in biological membranes and model membranes (15, 16) .
However, the rapid transbilayer movement of phospholipids in B. megaterium, and in certain other biological membranes (5) (6) (7) (8) , is in striking contrast to the behavior of phospholipids in model bilayer vesicles, in which transbilayer movement is exceedingly slow (4, 17) . In the present report, the rapid movement of phosphatidylethanolamine is clearly shown to be independent of the biosynthesis of lipid or protein and not to require metabolic energy. Because continuing biosynthesis is not the driving force, other explanations must be sought for the rapid transbilayer movement.
Several groups have presented evidence that the half-time for the transbilayer movement of phosphatidylcholine in the erythrocyte membrane is of the order of a few hours (18) (19) (20) . Comparable rates have also been reported for the inner mitochondrial membrane (21) and the vesicular stomatitis virus membrane (22) . Although much faster than the rate of flip-flop of phospholipids in model membranes, these rates are in turn much slower than the rate for phosphatidylethanolamine in B. megaterium. Mammalian erythrocyte membranes contain about 52% protein by weight (23) , an amount comparable to that found in bacterial membranes. It therefore appears that the association of a large amount of protein with the membrane is not in itself sufficient to bring about transbilayer movement of phospholipid at the rate found in B. megaterium. This point is underscored by reports that no transbilayer movement occurs in the influenza virus membrane (24) and the LM cell plasma membrane (25) . Possible mechanisms for facilitation of transbilayer movement of phospholipid in the B. megaterium membranes are discussed below.
If the transbilayer movement of phospholipids is slow in a given type of membrane, compositional asymmetry, once generated, might persist even if it were an energetically unfavorable arrangement. In B. megaterium, however, the rapid transbilayer movement of phosphatidylethanolamine in energy-poisoned cells should cause the distribution of phosphatidylethanolamine to approach an equilibrium value in about 5 min, as indicated in Fig. 1 . In fact, the asymmetry of distribution of phosphatidylethanolamine is greater in energy-poisoned than in control cells (Fig. 3) . The ratio internal phosphatidylethanolamine/external phosphatidylethanolamine is about 2 for normal cells, and about 4 for the energy-poisoned cells. Thus compositional asymmetry in the membrane of B. megaterium represents an equilibrium state. The asymmetric distribution observed may reflect the differential interaction of membrane phospholipids with proteins and other ligands (principally ions) at the inner and outer surfaces of the membrane. If so, the most likely explanation for the altered distribution of phosphatidylethanolamine in the energy-poisoned cells may lie in an altered ionic environment, and perhaps also an altered membrane potential, caused by the action of inhibitors and uncouplers. Presumably, the alteration in the distribution of phosphatidylethanolamine must be accompanied by a compensating, opposite change in the distribution of phosphatidylglycerol under the conditions described.
It is recognized that the assignment of the two pools of phosphatidylethanolamine to the inner and outer halves of the membrane bilayer is an operational one, based on the differential reactivity with the relatively impermeant reagent TNBS. There is strong evidence that the rapidly modified fraction of phosphatidylethanolamine is in fact external, because it reacts with TNBS under conditions in which there is minimal reaction of the reagent with cytoplasmic constituents (1) . Evidence for the assignment of the slowly reacting pool to the inner half of the bilayer is less direct. Some of the limitations of TNBS as a reagent for the localization of phosphatidylethanolamine in membranes have been discussed by Bishop et al. (26) , who suggested that the slow reaction of a portion of a single pool of phosphatidylethanolamine might be the result of steria -hindrance caused by substitution of the amino group with the bulky.trinitrophenyl residue and might also be the result of accumulation of net negative charge in the modified phospholipid. In a previous study of B. megaterium (1), however, it was shown that isethionyl acetimidate, used as an impermeant reagent, gave essentially the same result as TNBS. The amidine derivative formed by reaction with the acetimidate is very different in size and charge from the trinitrophenyl derivative. The results obtained with TNBS therefore cannot be attributed to the special properties of this reagent.
The most striking evidence for the biological significance of the distinction between the inner and outer pools comes from the biosynthetic studies, which reveal that newly synthesized phosphatidylethanolamine molecules appear first in the inner fraction. The dramatic difference in the specific activities of the external and the internal phosphatidylethanolamine, defined on the basis of reactivity with TNBS, clearly establishes that these are biologically distinct pools.
In our treatment of the kinetics of the transbilayer movement of newly synthesized phosphatidylethanolamine molecules, we assume that they are in equilibrium with the entire internal layer. Because lateral diffusion of phospholipid molecules in the plane of the membrane is rapid (15, 16) , this seems a reasonable assumption. Further, in experiments such as that of Fig.  1 , the specific activity of internal phosphatidylethanolamine approaches that of the external pool asymptotically. This result offers strong evidence that newly synthesized molecules are in equilibrium with the internal pool, and that the process of transbilayer movement in cells of constant composition results in a one-for-one exchange between the inner and outer compartments.
As mentioned above, the contrast between slow flip-flop of phospholipid in model membranes and the rapid transbilayer exchange in B. megaterium membranes indicates that special structures or processes must exist to explain the latter. The presence of large amounts of protein in the membrane, or coupling to membrane biosynthesis or to metabolic energy, appear to be ruled out as explanations. It may be that the exchange is catalyzed by enzyme-like proteins as suggested by Bretscher (27) . Such catalysts might be somewhat analogous to the phospholipid exchange proteins that facilitate the transport of phospholipids from one membrane structure to another (for reviews, see refs. 28 and 29) .
Also, although it is reasonable to suppose that the phospholipid bilayer is an important structural feature of biological membranes, there could be other arrangements of the lipid constituents that may greatly facilitate the mixing of internal and external lipid layers, as suggested by Zilversmit (29) . Bacterial membranes, and other membranes such as mammalian endoplasmic reticulum, may contain channels or pores through which proteins and other macromolecules are excreted (cf ref. [30] [31] [32] [33] . Such give rise to transient "hairpin" structures as shown in Fig. 4 . Because of the sharpness of the radius of curvature at the hairpin bend, such structures presumably would be unstable if composed solely of phospholipids of conventional structure but might be stabilized by the incorporation into the hairpin bend of other lipids with more favorable molecular geometry. Structures of this kind would promote the mixing of internal and external layers of lipid by the rapid process of lateral diffusion in place of slow flip-flop.
